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ABSTRACT
The introduction of Variable Speed Drives (VSD) motor driven systems in industry is driven by the
desire to increase motor efficiencies in plant. The efficiency savings are usually determined by initial
energy assessments which consider factors such as the motor load type and operating conditions
where the motor actual load may also be measured. However, once the system is installed and
in operation, the designed-in energy efficiency of these systems may remain unchecked through-
out the lifetime of the installation. Efficiency reductions may be caused by mechanical or electrical
degradation of equipment that could remain undetected by the drive or user whilst the equipment
appears to operate as normal. On larger systems, the financial cost of reduced efficiency can be sig-
nificant. The aim of this paper is to simulate minor deteriorations in the operating conditions of a
standard motor controlled from a VSD and ascertain if the worsening condition can be detected
at an early stage. The deterioration in motor condition will be small enough to remain undetected
by the VSD and not cause a drive fault. This paper also reviews the effect of the introduced motor
imbalance on motor efficiency and introduces power factor measurement methods which can be a
useful indicator of increased operating costs for equipment. Test results from the two drive operat-
ing modes of Volts/Hertz (v/f ) and Sensorless Vector (SV) are compared. This is to determine if there
is any noticeable difference in the measurements obtained for efficiency and power factor between
drive operating modes.
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1. Introduction
The motivation of this research is to detect early stage
failure of the stator-related component of the motor.
This is to be achieved by monitoring the reduction in
motor operating efficiency and other parameter indica-
tors based on power factor and time-domain based sig-
nal processing techniques. Ideally, a reduction in motor
efficiency under deteriorating conditions should be able
to be observed compared to the baseline efficiency at
an early stage before any obvious sign of failure. It will
then be possible to maintain the equipment at the effi-
ciency level it was when first installed by early correc-
tive intervention. There are advantages to operators of
motor equipment if deteriorations in motor efficiency
can be calculated on an VSD system whilst the equip-
ment is in-service. Maintenance can then be scheduled
only for when the equipment requires it. This is prefer-
able when compared to fixed intervals which may be too
frequent, resulting in unnecessary and costly interven-
tion, or too longwhereby equipment suffers catastrophic
failure between inspections.
CONTACT F. Gu F.Gu@hud.ac.uk
The increased use of inverter driven systems in indus-
try can present problems for established diagnostic tech-
niques developed solely for Direct-On-Line (DOL) AC
motors. The increased noise on motor current signals
caused by the VSD PWM switching frequencies can often
interfere with the spectral data required for diagnostic
methods using MCSA. This noise must be filtered out
prior to processing of the current signals but some critical
spectral data may be lost in the filtering process. Bearing
related failure of motors has been extensively studied so
this research has been focused onmotor stator faults and
efficiency reductions caused by those faults.
Studieson the total life cycle costs formotordriven sys-
tems reveal that energy costs account for 96.8% of the
life cycle cost of a 1.5 kW motor and up to 99% of the
costs of a 110 kWmotor (Siemens Energy Efficient Drives).
Newmotor efficiency standard IEC 60034-30-1 published
in March 2014 has mandated the introduction of higher
efficiency motors in a first step to reduce the energy
consumption of AC motors. In the United States alone,
AC motors account for 62.6% of all electricity consumed
© 2017 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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(Office of Energy Efficiency and Renewable Energy). Stan-
dard IEC 60034-30-1stipulates three efficiency levels for
three-phase induction motors, IE1 to IE3. Phase 2 of the
EU’s efficiency level legislation (IE3) came into effect from
1 January 2015 stating that three-phase inductionmotors
with a rated output from 7.5 to 375 kW must now meet
the IE3 efficiency level or IE2 when operated from an
inverter drive. Furthermore, an updated standard IEC
60034-30-1now includes for IE4motors (Efficiency classes
for IEC line motors) operated DOL to the supply.
However, despite the introduction of higher efficiency
motors, the use of low voltage inverter driven motor sys-
tems in industry is set to grow by a further 7% between
2016 and 2017. Presently, for every two low voltage
motors sold, three low voltage drives are sold (Meza,
2014). The demand for inverter drive systems will only
increase as greater energy efficiency continues to be
sought.
The design of an inverter-driven motor system should
be carefully considered to maximize the operating effi-
ciency of the complete motor and inverter system. Early
failure of VSD systems can be seeded before the equip-
ment is put in service due to incorrect specification,
design, installationor commissioning. Adraft publication,
Part 25 of standard (DD CLC/TS 60034-25:2008) aims to
address these issues. It has been published to provide
guidance on the design and installation of VSD driven
motor systems. Annex A of the standard discusses con-
verter types of v/f and SV. Cautionary notes are given for
drive settings such as excess voltage boost values in v/f
mode which can cause the motor to saturate resulting in
excess heating and increased energy consumption. Elec-
tromechanical stresses and energy losses of the whole
VSD driven motor system can be mitigated if the guid-
ance in this standard is followed. This in turnwill lower the
risk of premature failure of the system over the expected
operational lifespan.
The standard also details some of the parameters that
can have a notable effect on system efficiency. Figure 1
Figure 1. Losses ofmotorPL due to switching frequency fP (DD
CLC/TS 60034-25:2008).
Figure 2. Losses of an inverterPL due to switching frequency fP
(Rao & Chamund, 2014).
taken from the standard DD CLC/TS 60034-25:2008
illustrates the effect that different inverter switching fre-
quencies fP can have on the power losses PL in the
motor. As can be observed, a switching frequency of
2.6 kHz or less results in substantially greater power losses
in the motor. This is due to the increased peak harmonic
currents circulating in the motor windings caused by the
reduced switching cycle.
Conversely, losses in the inverter switching device
increase with a higher switching frequency fp. Figure 2
is taken from tests conducted on a 1200A Insulated Gate
Bipolar Transistor (IGBT) (Rao & Chamund, 2014) of the
type used in modern VSD’s. As can be observed from
this figure, losses in the power module increase linearly
with each increase in fp. It is therefore important to strike
the correct balance betweenmotor and VSD losses when
selecting a drive switching frequency.
The efficiency of an installation can also be reduced
if the motor flux control method is incorrectly selected
for the application. Two differentmotor operatingmodes
are described as an example. The first is defined as fan
or quadratic torque mode as defined by Tαn2 where T
is motor torque and n the operating speed. This mode
is used in fan applications where there is less torque
required at lower speeds. The inverter drive can be pro-
grammed to observe this law so that motor flux or mag-
netizing current is reduced at low speeds, thereby saving
energy.
The second operating mode is constant torque mode
T = constant. In this case, the motor must have full
torque or magnetizing current available at low speeds.
Such an example might be a lift or hoist application.
The inverter drive is therefore programmed to follow this
constant-torque law. An inverter drive set to constant
torque mode but controlling a fan application will per-
form the same as if it were set to the fan law mode
but will consume more energy. Optimal flux control of
motors fed from inverter drives has been studied by
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Table 1. Motor failures by component.
Type of fault Percentage failure
Bearing related 41
Stator related 37
Other 12
Rotor related 10
Kirschen,Novotny, andSuwanwisoot (1984). The research
found that motor losses could be minimized by using
an optimized excitation control method based on the
actual machine parameters rather than the standard lin-
ear v/f mode. This work can be viewed as a precursor
to the control method options of constant or fan law
in modern PWM drives. Some VSD manufacturers have
programmable curves for control of the motor flux.
Once the designed motor system has been commis-
sioned and in operation, the system efficiency and reli-
ability becomes influenced by other external factors.
Statistics on AC motor failures reported by the Electric
Power Research Institute EPRI report that motor percent-
age failures could be classified as given in Table 1.
Failure of the stator may occur due to thermal,
mechanical, electrical or environmental stresses (Bonnett
& Soukup, 1992). Some stator related faults are turn-
to-turn faults, coil to coil fault, phase to phase fault,
phase to ground fault and open circuit faults (Karmakar,
Chattopadhyay, Mitra, & Sengupta., 2016). Other external
influences of stator asymmetry are varied but could be
attributed to the following factors:
• Wiring connection corrosion
• Atmospheric or mechanical effects in the drive or
motor terminations
• Cable faults
• Poor initial installation techniques or equipment.
Should one stator phase become imbalanced due to
a small initial fault, such as a turn to turn short-circuit
then this will result in unequal current flows in the motor
phases. This causes increased stresses and losses to occur
in themotorwindings. A further effect of this imbalance is
torsional oscillation of the rotor due to torque pulsations
caused by imbalanced current flows (Mirabbasi, Seifossa-
dat, & Heidari, 2009). This in turn shortens the lifespan
of the equipment and in severe cases can result in total
mechanical failure.
The National Electrical Manufacturers Association
(NEMA) publish recommended derating factors for
motors. Figure 3 shows a derating factor curve. This curve
should be applied to motors running from a supply volt-
age imbalance so that the expected service lifespan of
the motor can be achieved. The Derating Factor (DF) is
Figure 3. NEMA derating curve to apply for voltage imbalances.
Diagram produced with reference to NEMA standard MG 1-14:35.
normalized so that 1.0 = 100%. A DF value of 100% indi-
cates that the motor can be used at 100% power rating.
The Voltage Imbalance (VI) axis is not scaled so a value
of 1 = 1%. As an example, a 15 kWmotor operating on a
supplywith a 4% imbalanced fromphase-to-phase is con-
sidered. Reading from the derating curve, the DF for a 4%
imbalance is 0.85 (or 85%). Thus, the maximum de-rated
output power Pder that can be obtained from that motor
is calculated as
Pder = P · dF = 15.0 · 0.85 = 12.75 kW (1)
where P is the power rating of the motor in kW. If this
power output did not satisfy the load requirements at the
expected voltage imbalances, then a higher powermotor
would have to be used.
McCoy andDouglass (2000) published guidance notes
for industry on maintaining efficiency of plant especially
when subject to voltage imbalances. It is stated that volt-
age imbalances of even 1% require a motor to be de-
rated (see Figure 3). Stator resistance imbalances on an
AC motor have the same effect as an imbalanced sup-
ply and if unchecked can also lead to premature motor
failure. One cause of this premature failure is due to
the heating effects resulting from imbalanced operation.
Montsinger’s rule states that an increase in motor tem-
perature by 10°C will lead to a reduction in the motor
expected operational lifespan by 50%.
Studies by Zhang, Zhao, Zhou, and Huang (2014) con-
cerned the detection of open circuit faults in PWM con-
verters using the motor current signals measured. This
causes imbalance on the supply to the motor. Results of
the test measurements are observed after transforming
the a, b, c phase currents into d and q reference frames
for analysis. The diagnostic method was proved to work
for single and double transistor open-circuit faults. Inves-
tigations into any motor efficiency reductions were not
carried out.
Lee et al. (2011) proposed a new strategy for condi-
tion monitoring of adjustable speed induction machine
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drive systems. The strategy couldbeused for off-line anal-
ysis of drive system components. The drive components
could be DC link capacitors, electrical cabling, stator and
cable insulation, stator core and rotor bars. The off-line
technique does not require spectral analysis of themotor
signals or reference to the motor mathematical model.
Being an off-line test, it is independent of motor oper-
ating conditions such as frequency or load that would
otherwise have to be considered in an on-line system.
Resistive imbalances can bemeasured when themotor is
at standstill from the DC link voltage and this can help to
benchmark motor connection conditions at stages in the
motor operating life.
Salomon et al. (2015) presented work on induction
motor efficiency evaluation using an air-gap torque
method. The technique developed sensorless torque
equations and used particle swarm optimization meth-
ods on the data obtained. This work was carried out on a
VSD fed from a DOL source. The output torque estimated
using the calculations was compared to the mechanical
output torque and considered a good approximation.
Li, Liu, Lau, and Zhang (2015) present a novel method
to determine the motor efficiency under variable speed
and partial load conditions. The model was tested on
a healthy motor connected to a VSD. Calculations were
based on the motor speed and power taken from the
VSD standard analogue or digital communication out-
puts. The calculation errors for this model were found
to be ±5% for 4-pole motors under constant speed con-
ditions. The model accuracy is more uncertain at lower
speed ratio conditions.
MCSA is proven to reliably detect motor faults includ-
ingwinding inter-turn faults, air-gap eccentricity and bro-
ken rotor bars. Rasool and Ebrahimi (2011) combined
MCSA and examination of Rotor Slot Harmonics (RSH)
to diagnose inter-turn short-circuit faults in motor stator
windings on non-VSD driven motors.
Akar and Gercekcioglu (2017) researched the use of
Instantaneous Power Factor (IPF) signals for the diagnosis
of misalignment faults in inverter-fed induction motors.
Two operating speeds and five different load rangeswere
used for the test. At each speed and load a healthy unit
was compared to six faulty states. The techniques used
Fast Fourier Transforms (FFT) on the instantaneous power
factor signal to study any additional harmonics generated
because of the fault. It was noted from the experimental
work that amplitude increases at 2fr and 3fr both indi-
cated a fault from the healthy state. However, only the
frequency 3fr allowed the fault type and severity of fault
to be determined. It found instantaneous power factor
signals to be more efficacious in providing a clearer fault
picture because of the combination of motor current and
voltage signals.
(Drif & Marques Cardoso) researched new fault detec-
tion techniques of IPF signature analysis in detecting
rotor cage faults. It was found that broken rotor bars
could be detected in the sideband component at low
frequencies. The techniques yieldedgood results for vary-
ing degrees of fault severity. A normalized severity factor
based on the fault amplitude compared to the instan-
taneous power factor gave a good indication as to the
machine condition.
Ibrahim, Badaoui, Guillet, and Bonnardot (2008)
researched theuseofpower spectrumdensity techniques
based on IPF for detection of bearing faults. Vibration
and instantaneous speed techniques were used along-
side motor stator current analysis. Torque oscillations in
the stator currentswere found to bepredictable based on
the fact a relationship exists between torque pulsations
and resultant current ones. Wiener filtering techniques
were carried out on the supply frequency followed by
phase estimation of the phase of the signal. This process-
ing allowed the IPF technique to provide the best indica-
tor of faults. Spectral analysis of IPF signals were shown
to highlight the defects although prior knowledge of the
frequency components for the defect must be known in
advance for the signal spectra to be of use.
Arabacı, Bilgin, and Ürkmez (2011) studied the use of
one phase current and voltage of a squirrel cage induc-
tion machine to calculate the power factor for a healthy
machine and one with a broken rotor bar. Power fac-
tor oscillations in both time and frequency domain were
observed. The severity of faults could be ascertained from
the frequency spectra results. In addition to the results
obtained, a classification technique was developed that
coulddetect and classify faults from thepower factor. This
research did not study any effects of stator imbalance on
power factor or system efficiency.
Shnibha and Albarabar (2012) applied the use of only
measured current for themonitoring of power factor. The
work detects very low phase imbalanced faults and mis-
alignments. The ability to use only the motor current is
facilitatedbyusing themotor nameplate data to calculate
the motor reactive currents.
de Souza-Ribeiro, Jacobina, Nogueira Lima, and Cunha
Oliveira (1997) studied the effects of motor parameter
sensitivity on the Model Reference Adaptive Controller
(MRAC)used in aVSD. The study focusedon theeffect that
changes in stator resistance rs had on the operation of the
drive control loop for performance and speed holding.
However, the research did not extend to covering motor
drive systemefficiency changes resulting fromchanges to
the stator resistance.
Mouli Chandra and Tara Kalyani (2012) studied the
effects that changes inmotor stator resistance had on the
vector controlmodel. Amodelwas studied that estimated
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the stator resistance directly from the stator quantities.
The performance of the vector controller in controlling
motor torque with and without stator resistance esti-
mation was studied. Motor transient performance and
torque control was improved but no effects on motor
efficiency were noted.
In this researchpaper, details of newworkondetecting
power factor and motor efficiency changes on a VSD-
drivenmotor systemwith statorwinding asymmetries are
presented. Both SV and v/f VSDcontrolmodes are consid-
ered for this work. Motor voltage and current signals are
analysed for a healthy motor and compared to one with
simulated stator winding faults. This paper establishes
that motor efficiency, voltage and current unbalances
and instantaneouspower factor can all be calculated from
the measured signals obtained. This data can then be
used as a diagnostic method for detecting imbalances.
2. Motor model
Figure 4 shows the steady state equivalent of an induc-
tion motor. r1 and x1 represent the stator resistance and
inductance respectively. r′2 and x
′
2 are the rotor resistance
and inductance. The load applied to the motor is repre-
sented by a variable resistance (Hou, Gu, Gao, Feng, & Li,
2008).
The motor speed n0 is calculated as follows:
n0 = 60fp (2)
where f is the supply frequency and p the number of pole
pairs. Slip, s is calculated as:
s = n0 − n
n0
(3)
where n is the synchronous speed of the motor.
Electrical power Pe of the system is given by Crowder
(2006):
Pe = 3U1I1 cosφ (4)
where U1 is the line voltage and I1 the line current in the
stator. Mechanical power Pm developed by the rotor is
Figure 4. Induction motor equivalent circuit (Hou et al., 2008).
Figure 5. Eﬃciency and power factor versus speed for a 6-pole
pair 3-phase induction motor (Trzynadlowski, 2001).
given as:
Pm = 3I′22r′2
1 − s
s
(5)
where I′2 is the rotor current and r
′
2 the rotor resistance.
From these equations, efficiency n is:
n = Pe
Pm
= U1I1 cosφ
I′22r′2(1 − s/s)
. (6)
Total electrical apparent power, P∧ is given as:
P∧ =
√
3VI (7)
and power factor defined as
PF = Pe
P∧
= cosφ (8)
The power factor of a motor under normal running
conditionsdependsupon theactual operating conditions
in-service. A power factor and efficiency curve for a 3-
phase, 22.4 kW, 6-pole AC motor with a rated speed of
1168RPM (60Hz supply) is shown in Figure 5. As can be
observed from the diagram, the normal running power
factor of this motor is 0.8 at full speed. At reduced speeds
the power factor can be near to 0.5. At speeds above the
motor rated speed, power factor is significantly reduced.
The most efficient operating region nrat is at motor rated
speed n − s which is the synchronous speed n less slip
speed s as given in Figure 5.
3. Test facilities and fault simulation
3.1. Test rig
The test rig shown in Figure 6 is designed to have a test
drivingACmotor anda loadingDCmotor. TheACmotor is
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Figure 6. Laboratory test rig.
a three-phase induction motor with rated output power
Pr of 4 kW at a base speed Nrated of 1420 RPM (two-pole
pairs). Motor rated current Irated is 9.2A with magnetiz-
ing current Im of 5.2A. Instantaneous power factor of the
4 kW motor is calculated during the tests based on the
phase angle difference between motor voltage and cur-
rent. These results are presented in section G. The AC
motor is driven by a Parker 690 PWM inverter with 3 kHz
switching frequency and a carrier frequency selected by a
random pattern generator enabled by default.
The DCmotor is a shunt-wound design to apply differ-
ent loading to theACmotor drive system. The speed, load
and test duration are all programmable from a Siemens
PLC thereby allowing for accurate and repeatable motor
loading. The DC motor regenerates to the mains supply
through a four-quadrant two phase DC drive.
Data is captured using a Sinocera 24Bit A/D Data
Acquisition unit and imported into MATLAB for further
processing.
3.2. Operating conditions
Two separate test cycles were applied to the rig and each
test was repeated three times to ensure accuracy of the
test method. Test 1 consists of a constant load with the
motor run at 5 speed steps in both v/f and SVmodes. Test
2 uses a constant speedwith variable load run in SVmode
only and 5 load setpoint steps used. Figure 7 illustrates
the two test methods used.
The test run data detailing test run speeds, duration of
test and AC motor loading is presented in Table 2.
3.3. Motor baseline data
To provide a reliable comparison between a healthy
motor and one with simulated faults, two separate test
runs for a healthy motor were run with the motor at nor-
mal operating temperature. The results from these test
runs are referred to as the baseline test data set. Both
Figure 7. Test cycles and example plot.
Table 2. Test cycle data.
Test 1: Constant load, variable speed test
Speed
setpoint %
Speed
RPM
Step
duration(s)
Load (% of
motor FLC)
20 284 120 80
40 568 120 80
60 852 120 80
80 1136 120 80
100 1420 120 80
Test 2: Constant speed variable load test
Load
setpoint (%)
Speed
RPM
Step
duration(s)
Speed (% of
motor rated)
0 1420 120 100
20 1420 120 100
40 1420 120 100
60 1420 120 100
80 1420 120 100
Table 3. Drive operating modes.
Drive modes
1. Healthy motor auto-tuned – Baseline (BL)
2. Motor with simulated stator fault of 0.4 (R04)
3. Motor with simulated stator fault of 0.8 (R08)
baseline data sets were compared with each other and
the results were found to be consistent between each
test. This proves that the testing methods are consistent
and repeatable.
3.4. Fault simulation
For comparative healthy and faulty motor data, the drive
would be run for each test cycle in the following three
modes as follows (Table 3):
A number of phase resistance increments are available
on the test rig in 0.1 steps obtained by changing the
wiring tapping on the custom-built resistor unit.
The resistance fault simulated is that which occurs in
phase 1 winding inside the AC motor thereby affecting
only one motor phase in a star-connected motor. This is
indicated in Figure 8.
The connecting cable resistance from drive to motor
was measured at 0.3 for each phase. Therefore, at the
maximum fault resistance introduced of 0.8 the total
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Figure 8. Motor magnetizing circuit detailing the stator phase resistance fault inserted in one of the three phase connections internally
in the motor on phase 1 (STAR circuit).
resistance between the drive andmotor is increased from
0.3 to 1.10 in the faulty phase leg. The additional fault
resistance inserted will be referred to as the resistance
Rfs. The effect of a resistance increase in one phase of
the stator equivalent circuit equation in a star connected
machine is given by:
Vs1 = Rsis + dψs1dt → Vs1 = (Rfs + Rs)is +
dψs1
dt
(9)
This imbalance created in the stator circuit has the
effect of reducing the magnetic flux generated by one
of the stator windings in proportion to the value of Rfs.
The effect of this is to be studied for motor inefficiencies
compared to normal running conditions.
It is proposed to use algorithms developed in MAT-
LAB to calculate motor efficiency based on the following
measurements taken from the test rig:
• Phase voltages a, b, c
• Phase currents a, b, c
• Motor speed
Motor temperature is also monitored and recorded so
that the general operating conditions of the motor can
be observed. This ensures that the effect of motor tem-
perature on the measured results is kept to an absolute
minimum.
3.5. VSD operation of the test rig
The inverter drive fitted to the test rig can operate in
either v/f or SV modes. v/f mode is a simple method of
controlling an inductionmotor and is widely used in low-
cost drives. The v/f principle is that a constant ratio of
motor voltage to frequency ismaintained and that in turn
leads to a constant motor flux ϕ.
ϕ ∝ Iu ∝ Vf (10)
where Iu is themagnetizing current, V the output voltage
and f the output frequency. Motor torque Tq produced is
proportional to the vector product of the flux and motor
current.
T = ϕ · I (11)
In order that the motor can produce as much torque
as possible for a given current, the maximum amount of
motor flux as possible should bemaintained at all operat-
ing points. However, this can be wasteful of energy if the
application does not requiremaximum torque at all oper-
ating points. For a fan or pump, because of low torque
requirements at low speeds,magnetizing flux and current
can be reduced. A linear v/f curve and a comparison with
a parabolic curve (Siemens Sinamics S120) typically used
on fan/pump installations is shown in Figure 9.
An indication of the increase in motor operating effi-
ciency available by selecting the correct operating mode
of the drive can be explained. If, for example the drivewas
set to run a fan using the linear law option, at 50% speed
the motor magnetizing current can be reduced by up to
24%. Operating a drive in linear v/f mode on a fan appli-
cation is wasteful of energy and may even go unnoticed
in real-world applications.
On the motor test rig, the operating mode is constant
torque with a linear v/f because it is possible to apply full
load to themotor across the operating speed range of the
motor.
To understand how the SVmotormodel in a PWMVSD
can affected by a modification to stator resistance and
thus affect the efficiency of the overall system, the model
descriptionof aVSDwith the sameoperatingprinciples as
that used in the test rig has been studied. For a SV VSD to
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Figure 9. Operating areas and characteristic curves for an IM operating under diﬀerent inverter control modes (Siemens Sinamics S120).
Table 4. Autotune parameters calculated.
Parameter Unit
Magnetizing inductance LM
Leakage inductance Lσ S
Rotor resistance RR
Stator resistance RS
control the motor to maximum efficiency, the drive must
first be auto-tuned to match the motor to be controlled.
The inverter drive used in this test rig calculates the fol-
lowing values for use by the VSDmotormodel during the
autotune process (Table 4):
The model is only calculated once by the autotune
function and usually when the motor is first commis-
sioned and at normal ambient room temperature. The
motor should also be de-coupled from any load to obtain
correct tuning parameters. Once the auto-tune is com-
plete and the drive is operating normally, the VSD drive
in the test rig does not have an adaptive model to
compensate for any changes in stator resistance during
operation. Some drive manufacturers read in the exact
motor temperature via aPositive TemperatureCoefficient
(PTC) device. This temperature is input to the drive vector
control algorithm to compensate for temperature-related
changes. To understand the influence of themotormodel
used in the test rig VSD on drive operation, a block dia-
gramof ageneric Inverter FieldOrientedController (IFOC)
inverter drive is given in Figure 10 (Zaky, 2012).
ω∗r is the demanded speed, λ∗dr the demanded rotor
flux. When calculating what the current demand output
shouldbe fromthe IFOCcurrent controller, feedback from
the actual motor current and voltage signals are used.
These are transformed from abc frame to dqs and from
there the rotor angle θr can be estimated. The frequency
andvoltageoutput fromthe inverter are thereforedepen-
dent on the rotor speed, predicted by the speed estima-
tor. However, for the speed estimator to calculate speed
accurately, the motor parameters stored in the drive for
the motor model must correspond to the actual motor
values.
For SV operation, estimated rotor speed ωˆr is calcu-
lated from the stator current and voltages based on the
Figure 10. Inverter FOC diagram.
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Figure 11. Induction motor steady state equivalent circuit.
steady state equivalent circuit of an induction motor
shown in Figure 11 as follows:
ωˆr = E
λrfdr
− Rr
Lr
· Lm · i
rf
qs
λrfdr
(12)
Where E, the air gap voltage is calculated based on the
rotor stator resistance Rr and inductance Lr :
E = Vqds − Rs · iqds −
d
dt
· Lis · iqds (13)
If the air gap voltage value is incorrect because the sta-
tor resistance Rs stored by themotor model in the drive is
in error, then the rotor speed ωˆr estimated by the drive
will also be in error.
The simulated fault resistance will therefore not be
compensated for by the drive controller and it is expected
that motor performance will be affected by the faults
introduced.
4. Stator imbalance simulation test results
This section details and compares the test results
obtained from the baseline tests and compares these to
the simulated fault tests for stator resistance imbalances
for various speed and loading conditions. It should be
noted that the motor was brought up to normal operat-
ing temperature prior to the simulated tests being com-
menced. This is to conform to recommendations from
EN 60034-2-1:2014 that specifies standards formotor effi-
ciency tests (BS EN 60034-2-1:2014).
4.1. Test preconditions
Following a period of prolonged running at 80% load,
a stable motor operating temperature was reached. The
worst-case temperature difference was recorded at 4.3°C
across all tests as observed in Figure 12.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
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Figure 12. Motor temperature variation under each test.
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Figure 13. Plot of voltage for each phasewith 80% load setpoint.
4.2. Motor terminal voltages
Figure 13 shows a plot of motor voltage taken at each
speed increment with constant load setpoint of 80%.
Results for a healthy motor and simulated stator imbal-
ance conditions of 0.4 and 0.8 are plotted. Tests from
v/f (a) and SV (b) VSD modes are shown.
The subscript in BLx denotes the motor phase number
where x = 1 to 3. For example:
BL1 = Baseline (Healthy Motor) phase 1;
R042 = Voltage measured in phase 2 for the stator
resistance imbalance of 0.4
R083 = Voltage measured in phase 3 for the stator
resistance imbalance of 0.8.
Closer examination of the plot Figure 13 is required
to view the difference in stator phase voltages in suffi-
cient detail so that a comparison can be made between
healthy and simulated fault conditions. Figure 14 shows
the increased detail from Figure 13 at 20% speed with
80% load. The results indicate that thebaselinephases are
all grouped under healthy conditions. Motor phase volt-
ages aremore dispersed under v/f mode (a) than SV oper-
ation (b). As the fault resistance is introduced, the phase
at fault, Ph1 can be observed to separate away from the
healthy phases in both cases v/f and SV. However, each
resistance increment in SV mode (b) can be more clearly
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Figure 14. Plot of voltage for each phase at 100% load setting
and 20% speed.
observed than in v/f mode where each resistance incre-
ment causes the same voltage increase. This is because
A VSD in SV mode is constantly modifying the motor
current, output frequency and phase angles to maintain
a constant motor speed based on a speed observer. It
follows that each motor phase voltage and current is
controlled and the drive attempts to keep the phases bal-
anced based on current feedback transducers in the drive
and the SV control loop output. Because phases 2 and 3
in SV mode are more closely matched in terms of volt-
age under healthy and imbalanced running, this means
that phase 1 will show the greatest increase under faulty
conditions. In contrast, v/f control mode methodology is
to maintain a constant v/f profile with no feedback and
therefore no control loop feedback for motor phase cur-
rents. Fromthe results, it is onlypossible todistinguish the
difference in each motor phase resistance increase when
operating in SVmode (b). In v/f mode (a) there is no clear
indicationwhether phase 1 (Ph1) or phase 3 (Ph3) has the
imbalanced resistance introduced.
BLx : Baseline (Healthy Motor)
R04x : Stator Resistance imbalance of 0.4;
R08x : Stator Resistance imbalance of 0.8.
Ph1: Phase 1
Where subscript x = 1 to 3 for each motor phase
BLx : Baseline (Healthy Motor)
R04x : Stator Resistance imbalance of 0.4;
R08x : Stator Resistance imbalance of 0.8.
Ph1: Phase 1
where subscript x = 1 to 3 for each motor phase.
Figure 15 displays the variable load, constant speed
tests results. From this, it canbeobserved that the voltage
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Figure 15. Plot of voltage for each phasewith 100% load setting.
of each phase is increased at lighter loads under v/f con-
ditions (a) compared to SV (b). There is no distinguishable
difference in test results obtained for a healthy motor
compared to one with the imbalanced fault.
4.3. Motor phase currents
A plot of motor current was taken at a constant 80% load
setpoint with variable speed and the results are shown in
Figure 16. The current plot indicates that current in phase
1 is reduced for the 0.4 and 0.8 resistance increases
in both v/f (a) and SV modes (b). It can be observed
that the healthy motor phases are closely grouped for SV
mode whereas they are more dispersed in v/f mode. The
resistance imbalance is observed to affect motor phase 1
current with both 0.4 and 0.8 resistances indicating a
greater reduction in v/f mode (a) especially so at lower
motor speeds compared to SV. The imbalanced fault is
clearly shown in either drive mode v/f or SV.
BLx : Baseline (Healthy Motor)
R04x : Stator Resistance imbalance of 0.4;
R08x : Stator Resistance imbalance of 0.8.
Ph1: Phase 1
where subscript x = 1 to 3 for each motor phase.
Figure 17 compares themotor currents for each phase
under constant speed conditions with variable load. The
imbalanced phase currents are easier to distinguish in v/f
mode under variable load operating conditions and par-
ticularly at lighter motor loads compared to SV mode.
However, if the 80% load setting is observedmore closely
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Figure 16. Plot of current for each phase at variable speed con-
dition with 80% load setpoint for both drive modes. (a) v/f Mode
(b) SV mode.
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Figure 17. Plot of current for each phase at variable load condi-
tion with 100% speed setpoint. (a) v/f Mode (b) SV mode.
in SVmode, it can be seen that the imbalanced phase cur-
rent separates from the healthy phase current but to a
lesser extent than in v/f mode.
It is also notable from Figures 15–17 that the motor
current and voltages are reduced under lighter motor
loads in SV mode compared to v/f mode. as the drive
makes more efficient use of motor electromagnetic
torque at lighter loads.
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Figure 18. Voltage and current imbalances under NEMA deﬁni-
tions for variable speed. (a) v/f (b) SV.
BLx : Baseline (Healthy Motor)
R04x : Stator Resistance imbalance of 0.4;
R08x : Stator Resistance imbalance of 0.8.
Ph1: Phase 1
where subscript x = 1 to 3 for each motor phase.
4.4. Motor current and voltage asymmetry
Figure 18 indicates the results of calculating motor volt-
age and current imbalances for the 80% load, variable
speed test. This method makes comparing the voltage
differences between healthy and faulty modes more
straightforward than by comparing individual phases.
The calculation method is in accordance with the NEMA
definition. This defines a calculation for the Line Voltage
Unbalance Rate (LVUR) as follows:
Suppose the average line voltage is calculated as
Uavg = Uab + Ubc + Uca3 (14)
where Uab, Ubc and Uca represent the voltage between
phases a-b, b-c and c-a respectively. If Uavg is the average
line voltage andUab represents the phase withmaximum
voltage deviation, then the %LVUR is calculated as (Pillay
& Manyage, 2001):
%LVUR = Uab − Uavg
Uavg
· 100 (15)
However, in the MATLAB calculations for Figure 18, the
actual voltage difference value is calculated in voltage
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Figure 19. Voltage and current imbalances under NEMA deﬁni-
tions for variable load. (a) v/f (b) SV.
units rather than using a percentage value for clarity. The
phase with maximum line voltage is calculated by the
‘max’ MATLAB function. The ‘mean’ function in MATLAB
is used to calculate Uavg so:
LVUR = Uab − Uavg. (16)
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
The maximum voltage deviation when measured
against the baseline is 3.697 V at 60% speed for the 0.8
fault resistance in SVmodeand0.501 Vat 80%speed in v/f
mode.Maximumcurrent deviationof 0.5071A is observed
at 40% speed in v/f mode and 0.14387A in sensorless
mode at 20% speed.
Figure 19 presents motor voltage and current imbal-
ances for a variable load, constant 100% speed condition.
The figures illustrate that for the voltage signals in SV
mode (b), both imbalanced conditions of 0.4 and 0.8
can be identified. In v/f mode (a) the voltage results are
inconclusive except for the 0.8 resistance R08. The cur-
rent readings show that there is a noticeable difference
in current when the fault resistance is introduced in v/f
mode (a). In SV mode (b) the current difference is only
apparent at 60% load and above.
Maximum voltage deviation is 2.541 V at 80% load in
SVoperation andmaximumcurrent deviation is 0.08074A
in v/f mode at 80% load.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
4.5. Motor efficiency
This section contains the results ofmotor efficiency calcu-
lations based on three different methods:
• Shaft power estimation
• Electrical Input Power Estimation
• Efficiency based on the No Load Current Method.
These methods are described as follows:
To calculate shaft power, we firstly consider the instan-
taneous inputpowerPof anACmotor,which is calculated
as:
P = VaIsa + VbIsb + VcIsc (17)
An average value of the instantaneous power for each
load or speed setpoint sample is taken for these efficiency
calculations. The shaft power is calculated as:
Ps =
[
1
3
(
σ(Isa) + σ(Isb) + σ(Isc)
Irated · Prated · (ωm/ωrated)
)]
(18)
where Isa represents the complete data set of current
samples for phase current a taken at each load/speed
point.ωm represents themechanical output speed in rev-
olutions per second, ωrated the motor rated speed, Irated
themotor rated current and Prated themotor rated power.
The electrical input power calculation is based on the
mean value of all themeasured current and voltage signal
samples:
Pi = (VaIsa + VbIsb + VcIsc) (19)
The efficiency by current method uses the standard devi-
ation of all data points for ia, ib, ic with filter windows
applied to calculate a single current value Iabc at eachdata
sample set Isa for each phase current a, b, c.
Iabc =
1
3
σ(Isa) + σ(Isb) + σ(Isc) (20)
Based on the nameplate motor power rating, Pr a theo-
retical power output Po is calculated based on the actual
measured motor speed.
From these results, the efficiency ηI is calculated as
follows:
ηI =
[(
2 · (Iabc − Im)
2 · Isr − Im
)
· Pr
Po
]
(21)
Where Im is the magnetizing current, Isr is the stator rated
current.
Figure 20 indicates the result of these calculations.
Motor shaft power is marginally increased under SV con-
trol, indicating better use of motor torque-producing
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Figure 20. Plot of power estimation and eﬃciency using diﬀer-
ent techniques 80% load, variable speed; (a) v/f (b) SV.
current due to the SV control algorithm. Calculations
for electrical input power estimation show that effective
input power is reduced under SV mode. The efficiency
by current method calculations indicate that efficiency is
increased with SV drive operation.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
When the plots were examined in closer detail, it was
not possible to clearly distinguish the healthy motor
results from the results with imbalanced fault introduced.
Figure 21 represents the same calculation methods
but for variable load conditions.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
Under variable load operating conditions, it is shown
that the shaft estimated power andmotor input power is
reduced for SV mode operation. However, the efficiency
calculations show that under SV operation, efficiency is
increased from the results under v/f mode.
For the purposes of detecting motor imbalance faults
from all three calculation methods for v/f (a) and SV (b),
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Figure 21. Plot of power estimation and eﬃciency using diﬀer-
ent techniques at a constant speed; (a) v/f (b) SV.
the results are inconclusive as there is no clear difference
between the healthy motor and one with an imbalanced
fault introduced.
4.6. Motor efficiency by air gap torquemethod
This section presents the efficiency, η calculations based
on the air gap torque method. The air gap torque Tag is
calculated after subtracting the stator resistance Rs, core
and stator stray losses.
The following voltage equations apply for all stator
windings where Rs is the stator (phase) resistance
va,b,c =
dψa,b,c
dt
+ RS · ia,b,c (22)
The air gap torque Tag calculation used is given as (Lu,
Habetler, & Harley, 2008):
Tag =
√
3p
6
{
(ia − ib) •
∫
[vca + Rs(2ia + ib)] dt
+(2ia + ib) •
∫
[vab − Rs(ia − ib)] dt
}
(23)
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Figure 22. Motor eﬃciency calculations using air gap torque
method at constant speed (a) v/f Mode (b) Sensorless.
where vca and vab are the stator line voltages, ia and ib the
stator currents. The integrals in this equation represent
the corresponding flux linkages.
The efficiency calculation is expressed as
η = Tsh · ωr
Pin
= Tag · ωr − Wfw − WLLr
Pinput
(24)
where Tsh is the torque at the motor shaft, Wfw is the
friction and windage loss andWLLr the rotor stray losses.
The Efficiency Difference from Baseline plots use the
motor baseline efficiencymeasurements as the reference
point for the plot. From this reference, any changes in
efficiency due to the imbalance can be easier to observe.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
From Figure 22, the motor running in SV mode (b)
operates at decreased efficiency level of between 0.3%
and 0.6% when motor imbalance faults are introduced.
At 20% speed, the v/f mode drive is running 4% less effi-
cientwith the 0.8 resistance increase. At 20% speed, the
SV drive runs 0.4% less efficient. With increasing speeds
in v/f mode, the efficiency reduction due to imbalance
is smaller. In SV mode, the efficiency decrease remains
relatively constant throughout the speed range.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
Figure 23 indicates the same efficiency calculations for
the constant speed variable load tests. In v/f mode (a),
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Figure 23. Motor eﬃciency calculations using air gap torque
method at constant load (a) v/f Mode (b) Sensorless.
efficiency by air gap torque calculations only indicate a
reducedefficiency in themotorwith an imbalanced stator
winding of 0.8. At 0% load setpoint, the efficiency cal-
culation indicates an increase at 0.8 imbalance. With a
0.4 resistance imbalance theefficiencydifference calcu-
lated is negligible. In sensorless vector controlmodes, the
efficiency actually shows an increase in efficiency when
the fault resistances are introduced but the difference
from baseline can be observed. It is possible that the
motor state model is disturbed by the introduction of
fault resistances and operates more effectively but more
information on the motor model is required to provide
greater insight into the results.
4.7. Motor power factor – variable speed
Figure 24 shows the result of instantaneous power factor
plots at each of the motor speeds and fault conditions.
It can be observed that under the normal operating con-
ditions, the motor power factor improves in line with
the expected power factor curve given in Figure 5. An
improvement in power factor is gained by the drive sys-
tem operating in (b) sensorless vector control mode com-
pared to a drive operating in (a) v/f mode. This is due to
the drive constantly adjusting the torque ‘q’ angle of the
current component to maintain maximum torque pro-
ducing current which improves the power factor. How-
ever, there is a marked reduction in power factor at full
speed on the sensorless vector control plots.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
D
ow
nl
oa
de
d 
by
 [C
om
pu
tin
g &
 L
ibr
ary
 Se
rv
ice
s, 
Un
ive
rsi
ty 
of
 H
ud
de
rsf
iel
d]
 at
 07
:56
 09
 O
cto
be
r 2
01
7 
SYSTEMS SCIENCE & CONTROL ENGINEERING: AN OPEN ACCESS JOURNAL 375
20 40 60 80 100
0.45
0.5
0.55
0.6
0.65
Speed (%)co
s 
f
(a) Power Factor
20 40 60 80 100
0.6
0.62
0.64
0.66
0.68
0.7
0.72
Speed (%)
co
s 
f
(b) Power Factor
BL
R04
R08
Figure 24. Motor power factor curves for a constant load with
variable speed (a) v/f (b) SV.
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Figure 25. Motor actual measured speed from shaft-mounted
encoder at 100% drive speed setpoint (a) v/f (b) SV.
This can be explained by the motor speed under sen-
sorless drive control being driven beyond the maximum
rated motor speed of 1420 RPM as can be observed in
Figure 25.
Once the motor is speed is increased above the rated
base speed then motor power factor is significantly
reduced as observed in Figure 24 from 80% to 100%
speed setpoint. The power factor is reduced from 0.7 to
0.62 between these two setpoints. The curve can be com-
pared to that presented in Figure 5. The inverter drive
settings for the motor were correct and these are given
in Figure 26 so it can be concluded that there is an error
with the drive internal motor speed observer.
This observer error causes the drive to estimate the
motor speed to be lower than the actual speed. The drive
now increases the output voltage and frequency to speed
the motor up beyond the rated speed of 1420RPM. The
Figure 26. Motor settings in AC drive.
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Figure 27. Motor power factor curves for drive modes (a) v/f
(b) SV.
actual error was confirmed by the drive speed traces
which for both v/f and SVmodes indicated the drive esti-
mated motor feedback speed to be 100%. The drive is
calibrated so that 1420RPM = 100% speed for both v/f
and SV modes. The drive speed observer error is for SV
mode is 2.6%with themotor running at 1458RPMasmea-
sured in the tests. Traces taken from the drive diagnostics
tools are included in appendix of this paper.
Figure 27 presents the power factor calculations for
100% speed, variable load conditions. There is no notice-
able improvement in the motor power factor between
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healthy and faulty conditions in either v/f SV drive
modes.
BL: Healthy Motor (Baseline data);
R04: 0.4 Fault resistance introduced in phase a
R08: 0.8 Fault resistance introduced in phase a
5. Conclusions
This paper has demonstrated that it is possible to use
time-domain motor current and voltage signals output
from a PWM converter to differentiate between a healthy
motor and a motor developing a graduated imbalanced
fault on one stator winding. A variety of different calcu-
lations have to be used to provide a sufficient level of
information onwhich tomake a decision onwhichmotor
is healthy andwhich is faulty. This is also truewhen trying
to determine the phase at fault.
The results show that the NEMA method of calculat-
ing imbalanced current and voltages is most effective
at determining the motor with an imbalanced fault con-
dition (Figures 18 and 19). An advantage of the NEMA
method is that the reference data set could be sampled
with the motor in service and under a range of load con-
ditions. This method consistently indicated an increase
in imbalance for current and voltage for variable load
conditions as well as variable speed.
Efficiency calculations (Figures 22 and 23) detailing
reductions in efficiency from the baseline data were only
proved accurate for AV modes (b). For drives operat-
ing in this mode, a reduction in efficiency of 0.3% and
0.6% was observed in Figure 22(b). This reduction would
not be cause for concern under general operation and
may be difficult to detect in real-world conditions but
would provide a useful early indicator for early interven-
tion investigations. If it is proven that the techniques are
sensitive enough todetect this reduction in efficiency reli-
ably and repeatedly, then intervention field tests could be
scheduled for efficiency losses greater than 1%.
Power factor measurement techniques on the signals
(Figures 24 and 27) obtained from the drive under vari-
able speed conditions at a constant load indicate that
power factor is improved when the drive is operated in
SV mode compared with v/f . Given the choice of drive
operating modes at installation, it is clearly advisable to
operate a VSD drive in SVmode to improve efficiency and
power factor. However, the test results also indicate that
although the drive calibration parameters were set to a
maximum motor speed of 1420RPM, errors can occur in
drive speed observer models even on autotuned motors.
In these tests, it was shown that the motor in was driven
beyond its most efficient operating speed of 1420RPM by
the drive. It is unlikely that the end user of the equipment
wouldmeasure the actual mechanical speed bymeans of
a tachoonce running. Thismeans that theefficiencyof the
installation is compromised fromtheoutset. Themethods
described in this paper could be used in the field to pro-
vide a final check of system operating conditions before
the equipment is put into service. This would at least
indicate to an engineer any abnormalities in operation
prior to signing off the installation and commissioning as
complete.
This paper also indicates that for motors operating at
less than full load, choosing a SV VSD drive may make
more economic sensewhen total running costs (purchase
cost+ energy consumption) are considered. The initial
purchase cost may be higher but because of the reduced
energy consumption of the motor at lighter loads in SV
mode, the payback from energy savings could quickly be
realized to justify the higher initial outlay.
The efficiency calculations are less conclusive for
reduced motor loads but it is well known that motors are
less efficient when operating under reduced load condi-
tions. As a rule, motors should always be sized to operate
towards their full load rating tomaximize efficiency of the
installation.
Futurework is planned on themodel simulation of this
system along with fault condition estimators.
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Appendix
Speed and current traces from drive data logging software
tools.
Figure 28 represents (a) Open-loop or v/f mode. Figure 28
represents (b) Sensorless Vector SV mode. Traces are shown for
the drive operating in a constant-load 80% setpoint, variable
speed condition. These traces are included to support the evi-
dence obtained of the sensorless controller estimating the rotor
speed incorrectly.
The drive was calibrated for a base motor speed of 1420
RPM which equates to 100% speed feedback in the diagram
below.
In v/f mode, the motor speed estimated by the drive is
100% of motor base speed (1420RPM) and the actual measured
mechanical speed was 1425RPM. This represents a difference of
5 RPM, or 0.35% speed error.
Red – Motor Speed; Blue – Motor Torque; Y-axis %, x-axis
Time (s).
Figure 29 presents the same plot but for SV mode. Here,
the motor speed estimated by the drive is 100% of motor base
speed (1420RPM) but the actual measured mechanical speed
was 1458RPM. This represents a difference of 38 RPM, or 2.67%
speed error.
Red – Motor Speed; Blue – Motor Torque; Y-axis %, x-axis
Time (s).
Figure 28. Drive running in v/f mode at 80% load setpoint, variable speed with no fault resistance introduced. Note that the estimated
motor speed by the drive was 100% whilst the motor actual speed measured was 1425 RPM.
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Figure 29. Drive running in sensorless vector mode at 80% load setpoint 100% speed with no fault resistance introduced. Note that the
estimated motor speed of the drive was 100% whist the motor actual speed measured was 1458 RPM.
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